Abstract. A rapid nighttime decay of isoprene (2-methyl-1,3-butadiene) has been observed at several forest sites. Data from the Program for Research on Oxidants: PHotochemistry, Emissions, and Transport (PROPHET) have been carefully examined with respect to this phenomenon. Essentially every evening (at PROPHET), isoprene concentrations fall from several ppb to levels below 100 ppt, with an average lifetime of 2.7 hours. Since this decay rate exceeds that expected from established nighttime chemistry, other possible mechanisms are suggested and discussed. Reaction with ozone will not occur at a rate consistent with the observed decay. Calculations of nitrate radical concentrations reveal that this oxidant only becomes an important sink for isoprene after the majority of the isoprene decay has taken place. The isoprene flux data were not consistent with dry deposition playing a significant role in nighttime forest loss. On the basis of ambient measurements of OH radical concentrations at the PROPHET site, calculated isoprene decay rates were compared with observations. For some nights the observed decay can be fit strictly by OH consumption; however, the reported OH data overpredict the isoprene loss rate on most nights. We estimate that vertical mixing with isoprene-depleted air probably contributes to the fast isoprene decay observed; however, the measurements needed to support this suggestion have yet to be made.
respective maximum concentrations, and UV radiation for the PROPHET site (1998). Figure 2 , isoprene is typically observed to decay to levels < 100 ppt in the early morning hours. These observations suggest that our current understanding of nighttime chemistry may be incomplete.
PROPHET Intensives
To investigate the phenomenon thoroughly, we conducted measurements of isoprene and a suite of isoprene oxidation products and free radicals during the summers of 1997 and 1998 Samples at Scotia were drawn through a stainless steel manifold into a cryogenic loop, then injected into a GC with flame ionization detection (FID), as described by Martin et aL [1991] . An automated direct-sampling GC-FID system with cryogenic preconcentration was used to collect the isoprene data at Harvard Forest. Further detail is provided by Goldstein et al. [1998] . At Kejimkujik, samples were obtained via automated adsorbent trapping, followed by gas chromatography-massspectrometry (GC/MS) analysis, as described by Biesenthal et al.
[1998]. Canister samples from BOREAS were shipped to Toronto and subjected to GC-FID with cryofocusing. During PROPHET 1998, aircraft samples were collected during several flights from a Piper Dakota 235. Air samples were drawn in through the pilot-side window, via a ¬ inch stainless steel tube, and compressed into stainless steel canisters using a metal ppb. This makes it clear that NO3 reaction alone cannot account for the rapid decay in the1800-2200 (EDT) time frame; however, after isoprene has decayed to concentrations less than 0.2 ppb, NO3 increases to levels that could lead to a shorter lifetime for isoprene. Thus it seems that NO3 reaction could result in a slower but still significant decay of isoprene after The most convincing evidence against dry deposition is the 210 measured isoprene flux. In Figure 4 we show the isoprene concentration and the measured isoprene flux, for August 7, 1998. As shown, after 2000 EDT the measured isoprene flux drops to near zero, while the isoprene concentrations continue to decrease. If dry deposition were occurring, the measured isoprene flux at the tower height would most likely be negative, which is not observed.
Advection
Another conceivable mechanism is that advection of isoprene-poor air masses to the site may be responsible for the observed decrease in isoprene at night. ; hereinafter referred to as S2001). This "lake theory" implies that we would observe directional dependence to the isoprene decay rates. The results shown in Figure 6 indicate that the decay rate is independent of flow direction, e.g., there are westerly flows that exhibit slow decays and southerly flows during which rapid isoprene decay occurs. If transport and mixing of air masses from over the lakes produced the rapid decay of isoprene, then we would see evidence of faster or more prevalent isoprene decay with westerly or easterly flow. Additionally, if advection from isoprene-poor regions was causing the decay process, an oscillation of isoprene concentration would be seen throughout the night as wind direction fluctuates. Alternating air masses of isoprene-poor and isoprene-rich air would sometimes pass though the sampling area, causing isoprene to occasionally increase in concentration as well as decrease. We find (see westerly to flow from the south and southeast would be accompanied by increases in isoprene concentration, which has never been observed at PROPHET. Finally, strong evidence to counter the lake theory is found in the occurrence of rapid isoprene decay at several independent sites. Specifically, at Harvard Forest, Scotia, and the BOREAS sites, isoprene exhibits regular rapid nighttime decay, with no bodies of water located within short-range transport distance. Although wind at ground level frequently becomes lighter or calm at night within the NBL, winds aloft may accelerate to supergeostrophic speeds to produce the nocturnal jet. The statically stable air in the NBL tends to suppress turbulence, while the nocturnal jet enhances wind shears that may generate turbulence. As a result, turbulence sometimes occurs in relatively short bursts that can cause mixing throughout the NBL [Stull, 1988] . Since this phenomenon is intermittent, sporadically varying concentrations of isoprene and other species would be evident if the nocturnal jet influenced the decay process, which is not the case.
Consumption by OH
The dominant removal mechanism for isoprene during daylight hours is reaction with OH radicals. The production of HOx radicals is believed to occur largely via photolysis of Figure 7 , starting with the observed isoprene concentrations at 1800 (EDT). As shown, the observed decay for this day is fit by the calculation based on OH consumption rather well in the 1800-2400 period. In fact, the reported OH concentrations predict well, or slightly overpredict the loss rate of isoprene on most nights. We note that it is often the case, as shown in Figure 7 , that there is a significant amount of residual isoprene late at night/early morning, in spite of the fact that the OH concentration data predict continued decay to very low levels. This persistence of isoprene in the early morning hours could be explained if some previously uninvestigated small isoprene source' exists at that time. It has been hypothesized that there could be a nonenzymatic plant source amounting to 1-10 gg m 2 hr -I [Guenther, 1999] . To estimate the size of this source at PROPHET, equation (8) below may be used.
E/H = koH[OH][isoprene]
We performed this calculation using the average midnight concentrations of OH and isoprene, and where koH is the rate constant for isoprene + OH [Stevens et al., 1999 expect their vertical profiles to be less steep, leading to slower apparent decay rates at the tower height due to vertical mixing. A comparison of the decay rates of isoprene and its oxidation products will require information regarding the vertical profiles to enable quantification of the relative dilution rates of these species.
Quantifying Isoprene Loss
Using equation ( For these average conditions, 48% of the decay rate found for all removal terms is calculated to arise from OH reaction, and 42% from vertical mixing, using the CALGRID estimates for the K.. profile. In contrast, the average observed lifetime is 2.7 hours. In Figure 9 we include error estimates for the individual decay terms. The uncertainties for the O3 and OH loss terms are derived from propagation of the measurement uncertainties and the published rate constant uncertainties. To obtain an uncertainty value for the nitrate radical estimate, a standard propagation of error calculation was performed, using the steady state expression for nitrate radicals. Since eddy diffusivites were not measured, the most uncertain component is vertical mixing. To estimate this uncertainty, we plotted the range of published values as an error bar for the vertical mixing term in Figure 9 . Although the observed isoprene loss rate is markedly less, This phenomenon currently can only be explained by chemistry if the discovery of high evening OH radicals is confirmed and understood. Observed decay rates show good overall agreement with the second-order isoprene + OH rate constant. Additionally, the isoprene decay can, for several evenings, be simulated using measured OH. Our best estimate of the rate of dilution by isoprene-poor air from aloft via vertical mixing can also simulate the observed decay, but no direct measurement data exist for vertical mixing rates in forested environments to better support this estimate. Altitude profiles of Kz and isoprene should be obtained in future field campaigns in order to more quantitatively investigate this phenomenon. The sum of the loss rate terms in the prognostic equation (1) significantly overpredicts the observed isoprene decay rate. This result may be attributed at least in part to neglect of residual isoprene emissions during the initial decay period or later in the evening when the NBL is well established. Additionally, an overestimation of the removal mechanisms must be considered. To improve understanding of the chemical loss components of the isoprene decay, further investigations of nighttime isoprene chemistry should be pursued via laboratory and field studies.
